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Abstract: The intensive use of antibiotics results in their continuous release into the 47 
environment and the subsequent widespread dissemination of antibiotic resistance 48 
genes (ARGs), thus posing potential risks for public health. Although vertical up-flow 49 
constructed wetlands (VUF-CWs) have been widely used to treat wastewater in 50 
remote or rural regions, few studies have assessed the potential risks of ARG 51 
dissemination when VUF-CWs are applied to treat wastewaters containing antibiotics. 52 
In this study, the removal performance of two typical antibiotics (sulfamethoxazole 53 
(SMX) and tetracycline (TC)) and the fate of ARGs were evaluated in three lab-scale 54 
VUF-CWs. The results indicated that high removal efficiencies (> 98%) could be 55 
achieved for both SMX and TC. However, the exposure of antibiotics resulted in 56 
harboring abundant ARGs (mainly sul- and tet-related genes), even with increasing 57 
abundances with operation time. The abundances of ARGs had a positive correlation 58 
with the accumulation of SMX and TC in different layers of VUF-CWs, where the tet 59 
and sul genes have the highest abundance in the bottom layer due to the highest 60 
antibiotic exposure concentration. Positive correlations were observed between the 61 
abundance of tet gene and antibiotic concentration in effluent. Although the effluent 62 
had lower abundances of the ARGs than that in the wetland media, the occurrence of 63 
ARGs in effluent might still pose risk for public health. Further studies are required to 64 
explore effective control strategies to eliminate ARGs from VUF-CWs. 65 
Keywords: Antibiotic resistance genes; vertical up-flow constructed wetlands; 66 
sulfamethoxazole; tetracycline; qualitative PCR. 67 
 68 
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1. Introduction 69 
The intensive use of antibiotics in medical, veterinary or agriculture and aquaculture 70 
purposes results in the continuous release of antibiotics into the environment, leading 71 
to the increasingly widespread occurrence of antibiotic resistance. In particular, the 72 
release of antibiotics into water environments has caused general concern because it 73 
directly promotes the acquisition of antibiotic resistance genes (ARGs) by 74 
microorganisms, even if they are present in low concentrations (Storteboom et al., 75 
2010; Fernandes et al., 2015; Rodriguez-Mozaz et al., 2015). Microorganisms could 76 
acquire ARGs through horizontal gene transfer (HGT), including conjugative transfer, 77 
transformation and transduction Conjugative transfer is a major pathway for the 78 
transfer of ARGs between nonpathogenic and pathogenic microbes (McKinney et al., 79 
2010; Wu et al., 2015), which is often mediated by mobile genetic elements such as 80 
plasmids, transposons and integrons. In addition, when antibiotic resistant bacteria 81 
(ARB) are killed, DNA released to the environment can persist to be protected from 82 
DNAse, eventually transforming into other microbes (Crecchio et al., 2005; 83 
McKinney et al., 2010).  84 
Previous studies have been conducted to investigate the occurrence, abundance and 85 
diversity of ARGs in various engineered systems, mainly focusing on activated sludge 86 
processes (Guo et al., 2017). These studies have reported wastewater treatment plants 87 
(WWTPs) could be hotspots of ARGs (Neudorf et al., 2017; Guo et al., 2018). Firstly, 88 
WWTPs receive wastewater from households and hospitals where antibiotics are used 89 
frequently, likely causing a significant ARGs presence (Rodriguez-Mozaz et al., 2015). 90 
Secondly, the persistent selective pressure from the antibiotic residues at 91 
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sub-inhibitory concentrations in wastewater, as well as the dense and diverse 92 
microbial population in activated sludge will likely favor the HGT of ARGs among 93 
different microorganisms (Kim et al., 2014).  94 
Constructed wetlands (CWs) have been designed and constructed to treat wastewater 95 
by a series of natural processes involving plants, soil/sediment, and microorganisms 96 
(Vymazal, 2011). Compared to activated sludge processes, the advantages of CWs 97 
include better wastewater purification efficiency, less energy consumption, low 98 
construction and maintenance costs, and less labor-intensive. These advantages make 99 
the CWs be environmental-friendly and economic-feasible technology for wastewater 100 
treatment in developing countries, in particular in remote or rural areas (Fernandes et 101 
al., 2015; Huang et al., 2015). While substantial studies have focused on the 102 
application of CWs for removing chemical oxygen demand (COD) and nutrients from 103 
sewage, recent research also suggested CWs potentially offer a technical option for 104 
cost-effective removal of antibiotics from various wastewaters (Huang et al., 2015). 105 
For instance, it has been reported that higher antibiotic removal efficiency was 106 
achieved in CW, compared to conventional wastewater treatment processes (Zhang et 107 
al., 2013; Liu et al., 2014; Huang et al., 2015). However, few studies assess potential 108 
removals of both antibiotics and ARGs (Anderson et al., 2013; Chen et al., 2015; 109 
Chen et al., 2016). In particular, the temporal and spatial changes of ARGs have not 110 
been investigated in CWs when treating wastewaters containing antibiotics.  111 
The aims of this study are to assess the removal potential of antibiotics and ARGs, 112 
and to reveal the temporal and spatial pattern of ARGs in CWs. Considering CWs 113 
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have been widely used to treat wastewater from the livestock industries that have very 114 
high concentrations of sulfamethoxazole (SMX) and tetracycline (TC)) in China 115 
(Huang et al., 2013a; Wu et al., 2015), three lab-scale vertical up-flow constructed 116 
wetlands (VUF-CWs) were established to evaluate the removal of antibiotics and the 117 
dynamic fate of ARGs during long-term operation (6 months). In addition, the 118 
occurrence and abundance of ARGs in effluent were also assessed through 119 
quantitative polymerase chain reaction (qPCR). It is expected that our results would 120 
offer insights of potential roles of CWs on the elimination or spread of ARGs.  121 
2. Materials and methods 122 
2.1 Configuration and operation of VUF-CWs 123 
Experiments were performed in three lab-scale VUF-CWs with 20 cm in diameter and 124 
55 cm in height (Figure 1) at room temperature (28 ± 2 °C). The VUF-CW columns 125 
were filled with sand and soil (soil was obtained from the Southeast University, 126 
Nanjing, China. sand: soil volume ratio = 40:1; sand particles were 2-3 mm in 127 
diameter), which consisted of four layers, i.e. bottom layer, middle layer 1, middle 128 
layer 2, and surface layer. All layers were of the same thickness (13 cm). 10 Oenanthe 129 
javanica was planted in the top layer and grew vigorously. The synthetic domestic 130 
wastewater containing glucose (0.225 g L-1), KH2PO4 (0.004 g L-1), NH4Cl (0.020 g 131 
L-1), NaCl (0.15 g L-1), and 0.20 mL concentrated trace element solution (Cao et al., 132 
2015; Zhang et al., 2016). The synthetic domestic was fed continuously into the 133 
VUF-CWs at the bottom inlet using peristaltic pumps. Three systems were fed with 134 
different concentrations of SMX and TC. CW1 was used to treat wastewater with 135 
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SMX of 200 µg L-1 and TC of 200 µg L-1; CW2 was set to treat wastewater with SMX 136 
of 500 µg L-1and TC of 500 µg L-1; while CW3 was adopted to treat wastewater with 137 
SMX of 800 µg L-1and TC of 800 µg L-1. The reactors were operated indoor at 30 ± 138 
2 °C with a relative humidity of 55–65%. The data was obtained after 1 week of stable 139 
operation. Although different antibiotic concentrations were used, the hydraulic 140 
retention time was set at 2.5 d for all three CWs. 141 
2.2 Antibiotic measurement  142 
Triplicate samples of effluent（0.1 L）were collected on the following sampling points 143 
to monitor antibiotic concentrations: Day 30, Day 120, Day 135, Day 165 and Day 144 
180. In addition, 5 g of wetland media (sand and soil) were triplicate collected from 145 
the bottom layer, middle layer 1, middle layer 2, and the surface layer on Day 180. 146 
Antibiotics were extracted from the media and concentrated according to the protocol 147 
of a previous study (Huang et al., 2013b; Wu et al., 2015). Water samples were 148 
filtered using 0.45 µm fiber filters, and subsequently extracted by solid-phase 149 
extraction (SPE) using hydrophilic lipophilic balanced (HLB) extraction cartridges (6 150 
mL, Waters, USA) according to a manual method (Zhang et al., 2017). The mobile 151 
phase was composed of eluent A (pure water with 0.1% formic acid) and eluent B 152 
(pure acetonitrile) (Storteboom et al., 2010; Liu et al., 2013; Wu et al., 2015). 153 
Antibiotics were analyzed using a liquid chromatography-mass spectrometry (LC-MS) 154 
system (LCQAD-60000; Thermo Fisher Scientific, Waltham, MA, USA). The 155 
collision energy was 8 eV and capillary temperature was 350 °C. Separation of SMX 156 
and TC were acquired by a Phenomenex C18 column (Thermo Fisher Scientific, 157 
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Waltham, MA, USA, 250 × 4.6 mm) at flow rate of 0.2 mL min-1. 158 
2.3 DNA extraction and ARG detection 159 
Triplicate samples of wetland media (5 g) were collected from the bottom layer, 160 
middle layer 1, middle layer 2, and surface layer during five sampling points 161 
mentioned above (i.e. Day 30, Day 120, Day 135, Day 165 and Day 180). And 162 
effluent (0.2 L) was also collected during five sampling points mentioned above. 163 
Sterile 0.22 µm membrane (NCM, Whatman, UK) was used to filter the effluent and 164 
cut into pieces to DNA extraction. Genomic DNA was extracted according to the 165 
method of DNA isolation kit (MoBio, Carlsbad, USA). A Power Soil DNA Isolation 166 
Kit (MoBio, Carlsbad, CA, USA) was used to extract microbial genomic DNA of 167 
wetland media following the manufacturer’s protocol. The genomic DNA 168 
concentrations were analyzed by spectrophotometry (UV-9100; Lab Tech, Ltd., 169 
Beijing, China). Eight ARGs (sulI, sulII, sulIII, tetA, tetC, tetO, tetQ, and tetW) were 170 
quantified with four technical replicates by using qPCR on a CFX Connect Real-Time 171 
PCR System (Bio-Rad, Shanghai, China), based on previously published methods 172 
(Rodriguez-Mozaz et al., 2015; Wu et al., 2015; Zhang et al., 2017). Primer sequences 173 
of target genes and the PCR protocol were accorded to previous studies (Huang et al., 174 
2015; Wu et al., 2015). Briefly, the total volume of each reaction was 25 µL on 0.1 ml 175 
qPCR strip tubes kit (Thermo Fisher Scientific, Taiwan) containing 1.2 µL primiers 176 
(forward and reverse primers (10 µM)), 0.8 µL DNA templates, 12 µL SYBR Green 177 
qPCR Mix (Bio-Rad, Shanghai, China), and 11 µL ddH2O  178 
2.4 Statistical analysis 179 
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All data are shown as mean ± standard deviation based on data analysis using 180 
Microsoft Excel 2010 software (Microsoft Corp. Redmond, WA, USA). Statistical 181 
analyses were performed using SPSS software (ver. 19.0; SPSS Inc, Chicago, IL, 182 
USA) and figures were prepared using SigmaPlot (ver. 11.0; Systat Software, Inc., 183 
San Jose, CA, USA). 184 
3. Results and discussion 185 
3.1. Removal and accumulation of SMX and TC 186 
The concentrations of SMX and TC in effluent of three VUF-CWs are monitored 187 
(Table 1). During a period for over 5 months, the average effluent concentrations of 188 
SMX ranged 0.27–0.99, 0.54–4.40, and 1.37–12.62 µg L-1 in VUF-CWs with influent 189 
SMX concentrations of 200, 500, and 800 µg L-1 in CW1, CW2 and CW3, 190 
respectively. The average effluent concentrations of TC ranged 0.31–1.85, 0.90–3.12, 191 
and 1.61–9.32 µg L-1 with influent TC concentrations of 200, 500, and 800 µg L-1 in 192 
three VUF-CWs, respectively. By comparing the antibiotic removal performance in 193 
three reactors, it was observed that SMX concentrations in effluent were increased 194 
with increasing influent antibiotic concentration (p <0.05). For instance, the effluent 195 
SMX concentration was 0.99, 4.40 and 12.62 µg L-1 with influent SMX concentration 196 
of 200, 500, and 800 µg L-1 in CW1, CW2 and CW3 on day 135. Compared to low - 197 
or medium-antibiotic concentrations in CW1 and CW2, obvious fluctuation of SMX 198 
and TC concentrations in effluent were observed in CW3. For instance, SMX 199 
concentration in CW3 effluent distinctly increased from 3.83 µg L-1 on Day 30 to 200 
12.62 µg L-1 on Day 135, then dropped to 1.37 µg L-1 on Day 180.  201 
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The accumulation of SMX and TC in the different VUF-CWs layers was analyzed 202 
(Figure 1). The concentration of SMX in the bottom layer was significantly highest, 203 
followed by middle layer 1, middle layer 2, and the surface layer. The concentration 204 
of TC in the layers followed the same trend. This result implies that the accumulation 205 
of antibiotics has an obvious spatial distribution pattern in the different layers, which 206 
was mainly affected by antibiotic concentration along the feeding flow. The total 207 
antibiotic absorption capacity was 368.48, 450.01 and 461.47 µg for TC, and 58.08, 208 
87.49 and 65.39 µg for SMX in the CW1, CW2 and CW3, respectively. Additionally, 209 
the accumulation of TC increased as the TC concentration increased in influent. TC 210 
levels were higher than those of SMX in VUF-CWs, probably because TC and SMX 211 
have different soil–water distribution coefficients (log Kd), with TC having a higher 212 
log Kd value than SMX (Gong et al., 2012). Hence, it is inevitable that TC adsorption 213 
in wetland media would be promoted by the relatively high log Kd value, as 214 
demonstrated in a previous study (Huang et al., 2015). 215 
Collectively, the proposed VUF-CWs obtained high removal efficiencies (> 98%) for 216 
SMX and TC, despite of their higher concentrations (800 µg L-1) in influent. A series 217 
of processes, including biodegradation, substrate absorption, plant uptake, and 218 
hydrolytic action, may be involved in SMX and TC elimination in VUF-CWs (Dordio 219 
and Carvalho, 2013; Huang et al., 2015). Previous results have also indicated that 220 
VFC-CWs appear to be more reliable and efficient than other configurations for 221 
removing antibiotics like oxytetracycline HCl, sulfamethazine, ciprofloxacin HCl and 222 
enrofloxacin (Carvalho et al., 2013; Liu et al., 2013; Liu et al., 2014). 223 
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3.2. Dynamic temporal-spatial changes of ARGs in VUF-CWs 224 
To estimate the dynamic fate of corresponding ARGs in VUF-CWs, we analyzed the 225 
relative abundances of sul and tet genes during the whole operation period. The 226 
relative abundances of ARGs were determined by normalizing absolute copy numbers 227 
of ARG to copies of the 16S rRNA gene (Huang et al., 2015). The distributions of 228 
three sul genes (sulI, sulII and sulIII) and five tet genes (tetA, tetC, tetO, tetQ and 229 
tetW) in three reactors are shown in Figures 2 and 3. Abundant target ARGs were 230 
detected in VUF-CWs, and the relative abundances of sul and tet genes showed a 231 
significant increase in all samples during the SMX and TC treatment period. For 232 
instance, sulII relative abundance of bottom layer sharply increased from 0 on Day 30 233 
to 0.0225 on Day 120, afterward it ascended quickly to 0.0586 on Day 180 with 234 
influent SMX concentration of 200 µg L-1 in CW1. In this study, the abundances of sul 235 
and tet genes in the bottom layer were higher than those of the two middle layers, 236 
whereas their abundances were lowest in the surface layer (Figure 2 and 3). For 237 
instance, the relative abundance of tetA were 0.0570, 0.0262, 0.0257 and 0.0061 in 238 
bottom layer, middle layer 1, middle layer 2 and surface layer on Day 180, 239 
respectively, with influent TC concentration of 800 µg L-1. A similar result was 240 
reported by Liu et al. (2014), in which levels of tet and sul genes were high in CWs. 241 
Target ARGs in the surface layer were probably caused by the influent carrying 242 
antibiotic resistance microbes from the bottom layer. This result was mainly 243 
influenced by the levels of SMX and TC sources, as well as the anaerobic processes 244 
of the bottom layer (Liu et al., 2014). In addition, anaerobic conditions probably 245 
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existed due to the direct input of ARGs, layer accumulation of veterinary antibiotics, 246 
and veterinary antibiotic residue-induced development of sul and tet genes in these 247 
VUF-CWs (Ma et al., 2011). The fate of ARGs in the different VUF-CW layers was 248 
mainly attributed to the accumulation of antibiotics in the substrate. Hence, the 249 
different fates of sul and tet genes were mainly caused by antibiotics in the CWs.  250 
Interestingly, the relative abundances of sul genes in the VSF-CWs occurred in the 251 
order sulI > sulII > sulIII (Figure 2). Similar with previous studies, the abundance of 252 
sulI was higher than that of the sulII and sulIII genes (Ji et al., 2012; Nolvak et al., 253 
2013). The different abundance of sul genes in the CWs were mainly attributed to 254 
their specific acquisition mechanisms (McKinney et al., 2010; Zhang et al., 2016). 255 
The sulI gene was generally found to be associated with other ARGs in Class 1 256 
integrons, whereas sulII was typically located on small non-conjugative plasmids 257 
(Antunes et al., 2005). Therefore, the persistence of sulI genes might be due to the 258 
successive pressure exerted by antimicrobial agents that transfer between pathogens, 259 
non-pathogens, and even distantly related organisms via HGT or vertical gene transfer 260 
(Antunes et al., 2005; Fang et al., 2015).  261 
In terms of relative abundance, temporal and spatial variations of five tet genes in 262 
CWs are shown in Figure 3. In the present study, tetA gene was the dominant gene, 263 
followed by the tetO, tetW, tetC and tetQ genes in the VUF-CWs. This was consistent 264 
with previous studies, in which the tetA gene was the most abundant TC-resistant 265 
gene in CWs (Huang et al., 2013a; Nolvak et al., 2013). In addition, previous studies 266 
also frequently detected tetA and tet C genes (two efflux pump genes), and tetO, tet Q 267 
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and tetW genes (three ribosomal protection protein genes), in soils adjacent to 268 
livestock farms and swine wastewater (Huang et al., 2013a; Liu et al., 2013; 269 
Al-Jassim et al., 2015; Kyselková et al., 2015). Statistical analyses demonstrated 270 
significant positive correlations between tet gene copy numbers and the effluent 271 
antibiotic concentration (Table S1). This finding indicated that high levels of residual 272 
antibiotics might increase the risk of the tet gene development. 273 
3.3. Occurrences of sul and tet genes in effluent 274 
ARGs in bioreactors are a major source of ARG pollution, from which ARGs can 275 
spread among various of microorganisms in downstream (Nolvak et al., 2013). To 276 
estimate the risk of ARG spread, the relative abundances of corresponding sul and tet 277 
genes in effluent was investigated (Figures 4 and 5). All sul and tet genes were 278 
detected in effluent samples. The corresponding ARG abundances in influent were 279 
negligible for synthetic wastewater prepared from tap water, indicating that 280 
VUF-CWs confer a risk of ARG spread. However, lower abundances of the target 281 
genes were found in effluent than that in the wetland media. This result is comparable 282 
to those of previous reports, in which similar abundances of ARGs were observed in 283 
CW effluent (Liu et al., 2013). The relative abundances of most sul and tet genes were 284 
enhanced at higher SMX and TC concentrations. The relative abundances of sulI, 285 
sulIII, tetC and tetQ exhibited an increase trend before D135, which appeared to be 286 
stable throughout the duration of treatment. However, no significant increase in the 287 
abundances of sulII, tetA, and tetW genes were observed during the treatment period 288 
(p > 0.05). Interestingly, the relative abundances of the sul genes in effluent also 289 
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occurred in the order sulI > sulII > sulIII (Figure 4), which is consistent with the order 290 
in media layers of VUF-CWs.  291 
Based on statistical analysis, significant positive correlations were found among the 292 
sul and tet genes, except for tetO (Table S2), likely because that the likelihood of 293 
microbes carrying corresponding ARGs is influenced by selection pressure from 294 
antibiotics and evolution for persistence, antibiotic resistance and transfer stations 295 
(Gao et al., 2012; Wu et al., 2015). Significant positive correlations were observed 296 
between the 16S rRNA and ARG copy numbers (Table S2). This indicates that 297 
effective inhibition of ARGs can be attained by reducing total microorganism content 298 
in the effluent, although effects of other factors on ARG elimination should be further 299 
studied. 300 
4. Conclusions 301 
In this study, the temporal and spatial variations of both antibiotics and ARGs were 302 
investigated in the lab-scale VUF-CWs. The developed system exhibited very high 303 
removal efficiencies of TC and SMX (> 98%). The concentrations of two antibiotics 304 
(TC and SMX) and the relative abundances of tet and sul genes showed a spatial 305 
accumulation pattern in VUF-CWs, where antibiotic concentrations and ARG 306 
abundances increased from the bottom layer to the surface layer along the feeding 307 
flow. The relative abundances of sul and tet genes significantly increased with 308 
operation time. Although the effluent possessed lower relative abundances of ARGs 309 
compared to the wetland media, all target sul and tet genes were detected in effluent 310 
and the abundances of sulI, sulIII, tetC, and tetQ increased with operation time. There 311 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
were significant positive correlations between 16S rRNA and ARG copy numbers in 312 
effluent. Overall, the results highlighted the dynamic variation of target ARGs in 313 
wetland media, and assessed the risks of ARGs in effluent during the long treatment 314 
period. Further studies are required to explore effective methods to eliminate ARGs 315 
and total microbes in effluent from VUF-CWs.  316 
 317 
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Table 1 Concentration of antibiotics in effluent in VUF-CWs (µg L-1). 
 Day 30 Day 120 Day 135 Day 165 Day 180 
SMX TC SMX TC SMX TC SMX TC SMX TC 
CW1 0.92 ± 
0.14 
0.31 ± 
0.05 
0.98 ±  
0.51 
1.85 ± 
0.35 
0.99 ± 
0.17 
1.74 ± 
0.03 
0.49 ± 
0.18 
1.69 ± 
0.09 
0.27 ± 
0.17 
1.66 ± 
0.26 
CW2 1.23 ± 
0.16 
0.90 ± 
0.12 
3.67 ±  
0.56 
3.12 ± 
0.46 
4.40 ± 
0.88 
2.01 ± 
0.28 
1.83 ± 
0.89 
1.64 ± 
0.30 
0.54 ± 
0.22 
1.66 ± 
0.21 
CW3 3.83 ± 
0.39 
2.12 ±  
0.55 
6.46 ±  
0.45 
9.32 ± 
1.55 
12.62 
± 2.93 
5.96 ± 
0.93 
4.87 ± 
1.19 
1.61 ± 
0.51 
1.37 ± 
0.26 
1.90 ± 
0.13 
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Figure captions 
Figure 1. Accumulation of SMX and TC in the different layers and VUF-CW.  
Figure 2. Relative abundances of sul genes (sulI, sulII, and sulIII) in the VUF-CW 
layers (SMX and TC concentrations were 200, 500, and 800 µg L-1, respectively).  
Figure 3. Relative abundances of tet genes (tetA, tetC, tetO, tetQ, and tetW) in the 
VUF-CW layers (SMX and TC concentrations were 200, 500, and 800 µg L-1).  
Figure 4. Relative abundances of sul genes (sulI, sulII, and sulIII) in the VUF-CW 
effluent.  
Figure 5. Relative abundances of tet genes (tetA, tetC, tetO, tetQ, and tetW) in the 
VUF-CW effluent.  
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Fig. 4 
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Fig. 5 
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Highlights 
• Sul and tet genes showed a increase in wetland substances. 
• Effluent possessed lower abundances of ARGs than that in wetland media. 
• Positive correlations between 16S rRNA and ARG copy numbers in effluent. 
• ARGs may be spread via effluent due to antibiotics removal by VUF-CW. 
• Elimination of total microbes in effluent might inhibite spread of ARGs. 
